Introduction {#sec1-1}
============

In Malaysia, traumatic brain injury (TBI) has been one of the major causes of death (Moppett, 2007). Although the global magnitude of TBI is unknown due to lack of standardized data collection for TBI (Peeters et al., 2015), available data suggest that the number of TBI victims globally is rising sharply (Alves, 2014). For example, in Europe, TBI incidence has been increasing in last decade from 235 up to 326 per 100,000 population per year (Peeters et al., 2015). Moreover, according to World Health Organization, TBI is supposed to be the major cause of death in 2020 (Organization, 2006). Despite the prognosis for TBI victims has improved in recent years, many survivors of TBI suffer from emotional, cognitive and motor disturbances and a decreased quality of life.

Although many pre-clinical studies devoted to the treatment of TBI in animals was successful, the vast majority of clinical trials to date have failed (Kabadi and Faden, 2014). One of the major reasons is difficulties to produce TBI in animals that will be fully consistent with human pathophysiology of TBI. For instance, the size of the human brain is of importance. Basically, gyrencephalic aminals are more relevant for TBI modelling than lissencephalic as they are possible to be used to produce traumatic axonal injury (TAI), which is essential in human\'s TBI (Smith et al., 2013). However, the most popular TBI model for small rodents appears to be the controlled cortical impact which produces mainly focal injury of cortex rather than TAI (Xiong et al., 2013). On the other hand, Shohami weight-drop method seems to be more clinically relevant as it causes substantial TAI even in small animals, like mice or rats (Xiong et al., 2013). This fact attracted our attention as we were eager to establish a clinically relevant mouse model of TBI to perform drug tests. We found that animal modelling protocol using the Shohami weight-drop method is well-organized and very comprehensive (Flierl et al., 2009). However, during animal model establishment, we modified the method because we expected to assess not only a neurological impairment but a cognitive deficiency as well. Therefore, in this study, we aimed to produce a translational TBI in mice using Shohami weight-drop method with defined settings and to evaluate both neurological and cognitive deficiencies in animal models with the purpose of further screening of brain neuroprotectants.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Sixty-two male C57BL/6N mice (In Vivos®, Singapore), 11--13-week-old, weighing 25--28 g, were included in this study. These animals were kept in individually ventilated cages (Techniplast®, Italy; *n* = 3/cage) at 20--23°C under a 12-hour light/dark cycle with free access to water and food (Teklad Global Diets®, USA). All procedures performed on the laboratory animals were conducted in accordance with animal care and use committee guideline of the National Defence University of Malaysia.

Apparatus for TBI producing {#sec2-2}
---------------------------

A TBI device was designed and assembled at the Faculty of Engineering of the National Defence University of Malaysia in accordance with the recently established protocol (Flierl et al., 2009). The apparatus consists of three parallel horizontal planes joined by four parallel vertical metal bars (**[Figure 1A](#F1){ref-type="fig"}**). The top and middle surfaces are made of acrylic glass and serve to hold a metal rod with round plastic tip (**[Figure 1B](#F1){ref-type="fig"}**) that penetrates through them delivering the impact onto the animal\'s skull. The bottom platform is made of iron and mouse\'s head can be fixed on it to deliver falling weight into the certain area of the skull (**[Figure 1C](#F1){ref-type="fig"}**). The device should be placed onto stone surface to decrease energy dissemination.

![The apparatus causing traumatic brain injury (TBI) in small-sized rodents.\
(A) The TBI device which performs weight-drop method to produce closed head trauma in mice; (B) plastic round 3 mm-diameter tip; (C) position of mice on the platform; (D) location of the area of impact; (E) pedal can be pressed by hand or foot, releasing the rod and causing the impact onto exposed mouse skull; (F) the setting, *i.e*., the certain weight on certain height can be adjusted using a ruler and an electromagnetic lock.](NRR-11-630-g001){#F1}

TBI procedure {#sec2-3}
-------------

After general anesthesia with intraperitoneal injection of 60 mg/kg sodium pentobarbital (Dorminal, Alfasan, Holland), a midline incision over the skull was performed, the skin retracted, and the skull exposed to locate the area of impact (**[Figure 1D](#F1){ref-type="fig"}**). Mice were randomly divided into sham-operated, 200 g weight-drop, 250 g weight-drop and 300 g weight-drop groups.

The head was manually fixed on the bottom platform of the weight-drop device. The 3 mm diameter plastic tip of a metal rod weighting 200 g, 250 g or 300 g was gently advanced onto exposed mouse skull at the left hemisphere 2 mm lateral from the midline and 2 mm back from the coronal suture. The head was held in place manually while the rod was uplifted at the 2 cm height and held by a magnet (**[Figure 1F](#F1){ref-type="fig"}**). The trauma was performed by pressing the pedal (**[Figure 1E](#F1){ref-type="fig"}**) which switched off the magnet and the rod free-felt onto the mouse skull. Immediately, oxygen (4 liters O~2~ per minute) was being supplied using a pressurized cylinder to mice during 2 minutes to avoid respiratory depression. After intraperitoneal injection of 0.05 mg/kg fentanyl (Talgesil, Duopharma(M), Malaysia) mice were returned to their cages. Sham controls received anesthesia and skin incision only.

Neurological severity score (NSS) {#sec2-4}
---------------------------------

To standardize the evaluation of neurological motor function deficit in mice after TBI, NSS has been established (Chen et al., 1996). This scale mimics the Glasgow Outcome Scale, which is a standard method clinically used to evaluate the functional neurological and cognitive outcomes of patients with TBI (King et al., 2005). Initially, NSS included 25 tasks to fulfill, but then the number of tasks was reduced to 10 (Chen et al., 1996; Flierl et al., 2009). The time points for NSS evaluation conventionally were chosen as 1 hour, 4 hours, 24 hours, 2 days, 3 days and 7 days post-injury (Flierl et al., 2009), however, there are many modifications of this (Sinson et al., 1997; Wu et al., 2014). NSS highly correlates with the data obtained using magnetic resonance imaging and histological examination (Tsenter et al., 2008) and thus reflects injury of brain tissue. Each NSS task is described as below.

Task 1: Exit circle. A mouse was placed in the center of the circle (**[Figure 2B](#F2){ref-type="fig"}**) and the time needed for the mouse to exit the apparatus was monitored. A healthy mouse, as it has an intrinsic seeking behavior, usually leaves the circle within 3 minutes. If the mouse was still inside the circle after 3 minutes 1 point was given, otherwise 0 points were counted.

![Illustration of the tools employed to evaluate neurological severity score (NSS) and an example of task assessment.\
(A) "Beam walk". To fulfill the task a mouse should cross the beam (3, 2, 1 cm) into opposite side; (B) "Exit circle". A healthy mouse should find the exit out of circle within 3 minutes. (C) An example of "Beam walk" test; (D) "Round stick balance". The task is considered successful if a mouse is able to balance with all four paws during 10 seconds.](NRR-11-630-g002){#F2}

Task 2: Seeking behavior. Again, the mouse was placed in the center of the circle (**[Figure 2B](#F2){ref-type="fig"}**), but the exit should be closed. Ability of the mouse to explore the environment and sniffing behavior within 3 minutes were monitored. When the mouse did not perform seeking behavior 1 point was counted, and if seeking behavior was observed, 0 points were counted.

Task 3: Monoparesis/hemiparesis. For this task, anatomic forceps was used. Holding mice up by the tail, we touched the mouse paws by the forceps. If the mouse grips the forceps 0 points were counted, and if the mouse fails to grip or grips with very low intensity, 1 point was added.

Task 4: Straight walk. A mouse was placed onto empty surface to evaluate the ability of the mouse to walk straight as well as its alertness. If the mouse demonstrated impaired gait pattern and failed to actively explore environs, we counted 1 point. When the mouse displayed normal walk, 0 points were given.

Task 5: Startle reflex. If a mouse displayed reaction on the loud paw clapping 0 points were added, otherwise 1 point was given.

Task 6: Beam balance. If a mouse was able to balance on the beam (0.5 × 0.5 mm^2^) during 10 seconds, 0 points were counted, and if the mouse failed, then 1 point was given.

Tasks 7, 8, 9: Beam walk. A mouse was placed at the end of 3-, 2-, 1-cm-wide beam with 30 cm length (**Figure [2A](#F2){ref-type="fig"}, [C](#F2){ref-type="fig"}**). A healthy mouse can easily cross all the beams due to intrinsic seeking reflex. If a mouse did not cross the beam or arrive at the opposite side within 3 minutes, 1 point was given, in case of successful arriving, a point of 0 was counted. If the mouse failed to cross 3-cm- (or 2-cm) wide beam, further tasks with 2-cm (or 1-cm) wide beam would not be carried out and 3 or 2 points were given, respectively.

Task 10: Round stick balance. If a mouse failed to balance during 10 seconds on the 5-mm-diameter round stick, 1 point was added, and if the mouse managed to balance, we counted 0 points (**[Figure 2D](#F2){ref-type="fig"}**).

All points from 10 tasks should be sum up to get total NSS points.

Passive avoidance test {#sec2-5}
----------------------

The passive avoidance test was carried out to assess cognitive deficit in mice with TBI. This is a step-through method, which is focused on learning by mouse to avoid from stepping through a guillotine-like door to a visibly securer dark chamber where the electric shock had been present earlier. To perform this task, a passive avoidance apparatus (Ugo Basile, Switzerland) was used (**[Figure 3](#F3){ref-type="fig"}**). The latency to refrain from crossing into the punished compartment serves as an index of the avoidance ability giving opportunity to assess the impaired memory. The training place consists of a rectangular chamber divided into two compartments. The first compartment is bright as it is lightened by an overhead stimulus light and the second compartment is dark as it has black non-transparent walls which are always dark. The two compartments are parted by an automatic guillotine door and the floor of each chamber has a steel grid where an electrical foot shock can be provided. During the habituation trial, a mouse was placed in the lighted compartment, facing away from the black compartment and allowed to explore for 30 seconds. After 30 seconds, the door was opened and the mouse was allowed to explore dark space freely. Owing to intrinsic preference to the dark environment, the mouse immediately entered the dark compartment and the door was closed. During the training trial, the mouse was placed in the lighted compartment, facing away from the dark compartment and allowed to explore for 30 seconds before the guillotine door was lifted. When the mouse entered the dark compartment with all four paws, the guillotine door was closed, and the latency to enter the dark compartment was recorded (from the time the door is lifted). When the door had been closed for 3 seconds, a foot shock (0.3 mA, 2 seconds of duration) was applied. On the test day (24 hours after training), the mouse was returned to the lighted compartment, facing away from the dark compartment. Again, after 30 seconds, the guillotine door was lifted. When the mouse entered the dark compartment, the guillotine door was closed, and time required for the mouse to enter the dark compartment was measured as latency time for a maximum period (cut-off time) of 180 seconds. Then the mouse was removed and returned to the home cage.

![The passive avoidance test.\
(A) A guillotine-like door to a visibly securer dark chamber. (B) A rectangular chamber is divided into two compartments: lightened by an overhead stimulus light, and dark. (C) Shock settings (0.3 mA, 2-second duration) and time evaluation (cut-off time 180 seconds).](NRR-11-630-g003){#F3}

Statistical analysis {#sec2-6}
--------------------

Statistical analysis was performed using the GraphPadPrizm^®^ (La Jolla, CA, USA). Two-way analysis of variance followed by Bonferroni *post-hoc* tests was used. All results are expressed as the mean ± SD. A level of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Severity of brain trauma {#sec2-7}
------------------------

To establish brain trauma models in mice, we used three different weight parameters: 200 g, 250 g and 300 g. The mortality rate of mice in group with 300 g falling weight was 50% (3 out of 6) that was extremely high, moreover, the NSS points at 1 hour in all mice from this group were more than 8. According to the protocol (Flierl et al., 2009), a mouse that obtains more than 8 NSS points should be withdrawn from the experimental study, so we sacrificed the rest 3 alive mice and stopped further investigation of this group. The mortality rate of mice in group 250 g falling weight falling weight was 14.3% (1 out of 7) and NSS points at 1 hour post-injury was 6.83. This indicates that 250 g falling weight causes severe brain trauma with acceptable mortality rate, as was stated in the established protocol (Flierl et al., 2009). Finally, there were no cases of mouse death (0 out of 7) in group with 200 g falling weight and NSS points were 3.83 that showed development of mild brain trauma.

Neurological impairment {#sec2-8}
-----------------------

Sham-operated animals gained 0 NSS points and successfully performed all the 10 tasks. In the group with 250 g falling weight, NSS, as was stated above, 1 hour post-injury achieved 6.83 ± 0.89 points, indicating severe brain trauma. NSS was almost the same at 4 hours post-injury and it began to gradually decrease from 24 hours post-injury and reached 4.00 ± 0.82 points on day 7 post-injury (**[Figure 4](#F4){ref-type="fig"}**). In the group with 200 g falling weight we observed similar trend: initial NSS was 3.83 ± 0.68, indicating mild brain trauma, without any improvement at 4 hours post-injury (3.67 ± 0.47). Then gradual spontaneous recovery was seen as NSS dropped to 0.83 ± 0.68 points on day 7 post-injury.

![Neurological severity scores (NSS) in mice with traumatic brain injury caused by 250 g and 200 g falling weight.\
Lower NSS represent better neurological function. Values are expressed as the mean ± SD (*n* = 6). Statistical analysis was carried out using twoway analysis of variance with Bonferroni *post-hoc* test. \**P* \< 0.01, \*\**P* \< 0.001, *vs*. 200 g falling weight.](NRR-11-630-g004){#F4}

Cognitive impairment {#sec2-9}
--------------------

Passive avoidance test results are presented in **[Figure 5](#F5){ref-type="fig"}**. Sham-operated animals demonstrated good ability to learn the task as they avoided coming into the chamber in which they had been shocked the day before. The mean latency was equal; the cut-off time was 180 seconds, as it was stated in methods. Interestingly, the same results were achieved in mice with TBI from both experimental groups on day 1 and day 4. However, on the 7th day, the mean latency was significantly shorter in mice with TBI caused by 250 g falling weight than in sham-operated mice and mice with TBI caused by 200 g falling weight. This indicates that at 1 week post-injury, mice with TBI caused by 250 g falling weight developed cognitive deficit.

![Cognitive function of mice with traumatic brain injury (TBI) using the passive avoidance test.\
Values are expressed as the mean ± SD (*n* = 6). Statistical analysis was performed using two-way analysis of variance with Bonferroni *post-hoc* test. \**P* \< 0.001, *vs*. 200 g weight-drop group.](NRR-11-630-g005){#F5}

Discussion {#sec1-4}
==========

We found the optimal settings in our apparatus to perform severe TBI in mice. It is known that NSS reflects the severity of brain damage and correlates with the data obtained by magnetic resonance imaging and histological examination (Tsenter et al., 2008). Our NSS data at 1 hour post-injury are fully consistent with other experimental studies in C57BL/6 mice (Flierl et al., 2009; Semple et al., 2010), confirming that severe brain trauma can be established using 250 g falling weight from 2 cm height and mild brain trauma using 200 g falling weight from 2 cm height. We also observed a spontaneous recovery after TBI during 7 days. The same experience has been published elsewhere, and some differences in the extent of recovery have been noted (Beni-Adani et al., 2001; Yatsiv et al., 2005; Flierl et al., 2009). For instance, Flierl at el. (2009) showed that NSS in mice with TBI on day 7 post-injury was almost 1, while a recent study of Albert-Weiβenberger et al. (2012) demonstrated scoring on day 7 post-injury being around 2. Another study applying Shohami weight-drop method to cause TBI in male C57BL/6J mice revealed that NSS on day 7 post-injury in the control group was more than 3(Beni-Adani et al., 2001). We do hope that this particular method will be further studied to minimize the level of such a drawback because this animal TBI model is very valuable in view of translational TAI that closely mimics human TBI.

A typical clinical symptom in patients with TBI is usually associated with neurological and cognitive deficits. Mouse cognitive disorders have not been mentioned in an established protocol (Flierl et al., 2009). Basically, it is well known from the published literature that Morris water maze seems to be the most common and vigorous method used for evaluation of cognitive impairment and learning deficit in mice with TBI (Milman et al., 2005; Yu et al., 2012; Budinich et al., 2013; Tucker et al., 2015). Other methods, like novel object recognition test, Y-maze test or radial arm water maze test, were also used, but less extensively (Bachstetter et al., 2015; Baratz et al., 2015).

We have decided to employ passive avoidance test as it is a quick procedure for studying short- and long-term memory and an ideal test for first screening, simple to set up and use, and sensitive for both rats and mice (Tayebi Meybodi et al., 2005; Walker, 2010). Our findings reveal that severe TBI causes a cognitive impairment detected at 1 week post-injury, whereas animals with mild trauma do not have any cognitive deficit on day 7 post-injury. Another study which used the same TBI mouse models and evaluated cognitive disorders with passive avoidance test, demonstrated that the ability of mice with mild brain trauma to learn the task was significantly decreased on day 30, but not on day 7 post-injury (Milman et al., 2005). Importantly, that study was performed involving mild but not severe TBI mouse models.

Undoubtedly, more severe TBI causes greater changes which lead to earlier development of cognitive disorders that were demonstrated in our study. Our results also showed that no cognitive changes were observed in animals with mild TBI on 7 day post-injury. This indicates that our findings of cognitive disorders are fully consistent with the findings from other studies.

We successfully designed and set up the apparatus to produce brain trauma in mice. We also established the settings to produce severe brain trauma in C57BL/6 mice, namely 250 g falling weight and 2 cm height. Additionally, we demonstrated the trend of spontaneous improvement of mice with both severe and mild brain trauma during 1 week post-injury. Finally, we showed that cognitive disorders in mice with severe brain trauma presented on day 7 post-injury. Thus, we obtained clinically relevant animal models of traumatic brain injury on the basis of Shohami weight-drop closed head injury animal models. This model holds great potential in future use for pharmacological screening of neuroprotective agents.
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